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Individual Differences in Stressor-Evoked Blood Pressure
Reactivity Vary with Activation, Volume, and Functional
Connectivity of the Amygdala
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Individuals who exhibit exaggerated blood pressure reactions to psychological stressors are at risk for hypertension, ventricular hyper-
trophy, and premature atherosclerosis; however, the neural systems mediating exaggerated blood pressure reactivity and associated
cardiovascular risk in humans remain poorly defined. Animal models indicate that the amygdala orchestrates stressor-evoked blood
pressure reactions via reciprocal signaling with corticolimbic and brainstem cardiovascular-regulatory circuits. Based on these models,
we used a multimodal neuroimaging approach to determine whether human individual differences in stressor-evoked blood pressure
reactivity vary with amygdala activation, gray matter volume, and functional connectivity with corticolimbic and brainstem areas
implicated in stressor processing and cardiovascular regulation. We monitored mean arterial pressure (MAP) and concurrent functional
magnetic resonance imaging BOLD signal changes in healthy young individuals while they completed a Stroop color-word stressor task,
validated previously in epidemiological studies of cardiovascular risk. Individuals exhibiting greater stressor-evoked MAP reactivity
showed (1) greater amygdala activation, (2) lower amygdala gray matter volume, and (3) stronger positive functional connectivity
between the amygdala and perigenual anterior cingulate cortex and brainstem pons. Individual differences in amygdala activation, gray
matter volume, and functional connectivity with corticolimbic and brainstem circuits may partly underpin cardiovascular disease risk by
impacting stressor-evoked blood pressure reactivity.
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Introduction
A rise in blood pressure is a hallmark of the prototypical cardio-
vascular reaction to an acute psychological stressor. As the net
product of changes in cardiac output and regional vascular resis-
tance that shunt blood away from the viscera and toward large
muscle groups, stressor-evoked blood pressure reactions provide
hemodynamic support for adaptive behavioral action (Cannon,
1928). Some individuals, however, exhibit large-magnitude or
so-called “exaggerated” stressor-evoked blood pressure reactions
that may contribute to pathophysiological changes in the cardio-
vascular system, particularly when expressed recurrently over the
lifespan (Krantz and Manuck, 1984). Such changes may include
myocardial and vascular remodeling, vascular shear stress, and
endothelial cell injury (Treiber et al., 2003). Epidemiological ev-
idence further indicates that individuals who exhibit exaggerated
stressor-evoked blood pressure reactions are at risk for hyperten-

sion, ventricular hypertrophy, and premature atherosclerosis in
major arteries (Treiber et al., 2003; Jennings et al., 2004; Mat-
thews et al., 2006b). Despite this epidemiological evidence, little
is known about the neural systems that link the central processing
of stressors to human individual differences in blood pressure
reactivity and associated cardiovascular risk.

Cumulative evidence from animal models, however, indicates
that the amygdala plays an instrumental role in linking stressor
processing with brainstem autonomic-cardiovascular control
mechanisms that regulate blood pressure. Lesion, early gene ex-
pression, and electrical and chemical stimulation studies specifi-
cally show that the visceromotor output area of the amygdala, the
central nucleus, directly coordinates changes in blood pressure
with stress-related behaviors via projections to brainstem preau-
tonomic areas (Reis and LeDoux, 1987; Dampney, 1994; Saha,
2005). Noteworthy in the context of cardiovascular risk, central
nucleus lesions blunt exaggerated stressor-evoked blood pressure
reactions in rats genetically prone to hypertension (Galeno et al.,
1984; Sanders et al., 1994) and prevent the development of hy-
pertension induced by chronic stress (Fukumori et al., 2004) and
fear conditioning (Baklavadzhyan et al., 2000). Thus, animal ev-
idence suggests that the amygdala could mediate dysregulated
stressor-evoked blood pressure reactions, possibly contributing
in part to cardiovascular disease vulnerability.
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Accordingly, we tested whether human individual differences
in stressor-evoked blood pressure reactivity varied with concur-
rent levels of amygdala activation in healthy young adults who
completed a performance-titrated Stroop color-word stressor
task that has been validated in epidemiological studies of cardio-
vascular risk (Jennings et al., 2004). In extension, we used a com-
putational neuroanatomical method, optimized voxel-based
morphometry (Ashburner and Friston, 2000; Good et al., 2001),
to explore whether individual differences in amygdala gray mat-
ter volume could account for observed associations between
amygdala activation and blood pressure reactivity. Furthermore,
we tested whether individual differences in blood pressure reac-
tivity varied with the functional connectivity between the amyg-
dala and pons, a brainstem area networked with the amygdala
and considered as a key node in the preautonomic circuitry
(above the medulla) critical for blood pressure control (Hopkins
and Holstege, 1978; Miller et al., 1991; Dampney, 1994). Finally,
consistent with evidence that the amygdala is but one component
of a distributed corticolimbic circuit involved in processing be-
haviorally salient stimuli and regulating visceromotor function
(LeDoux, 2000; Öngür and Price, 2000; Davis and Whalen, 2001;
Sah et al., 2003; Zald, 2003; Seeley et al., 2007), we explored
whether stressor-evoked blood pressure reactivity varied with
volumetric-, activation-, or connectivity-related changes in cor-
ticolimbic areas networked with the amygdala; namely, the cin-
gulate, medial prefrontal, and insular cortices.

Materials and Methods
Participants
Participants were 32 right-handed undergraduates (12 men; mean age,
19.90 � 1.30 SD). As determined by a medical history interview, partic-
ipants were free of (1) current or lifetime history of any cardiovascular
disease or surgery (including hypertension, stroke, myocardial infarc-
tion, congestive heart failure, atrial or ventricular arrhythmias, coronary
bypass, carotid artery, or peripheral vascular surgery); (2) current or
lifetime history of cancer, a chronic kidney or liver condition, type I or II
diabetes, or any pulmonary or respiratory disease; (3) current or lifetime
diagnoses of any substance abuse or psychiatric syndrome; (4) current or
lifetime use of glucocorticoid medications for �1 month; (5) a previous
cerebrovascular accident or trauma involving loss of consciousness; (6)
previous neurosurgery or history of a neurological condition; (7) preg-
nancy (females); (8) color blindness; (9) claustrophobia; and (10) metal-
lic implants. Participants were normotensive, as determined by the aver-
age of three seated resting blood pressure readings (mean, 115.68/64.35
mmHg, SD, 8.56/9.38). For other sample characteristics, see supplemen-
tal Table 1 (available at www.jneurosci.org as supplemental material). To
minimize extraneous influences on blood pressure, participants ab-
stained from eating, exercising, and consuming caffeinated and tobacco
products for 3 h and drinking alcoholic beverages for 12 h before testing.
The University of Pittsburgh Institutional Review Board granted study
approval; each participant gave informed consent and received $30.00
(U.S.).

Blood pressure reactivity task
To evoke blood pressure reactivity, participants completed a modified
performance-titrated Stroop color-word interference task (Gianaros et
al., 2005). In this task, participants completed six blocks of color-word
identification trials comprising two alternating 54 –58 s conditions,
termed congruent and incongruent conditions (Fig. 1). Before each con-
dition, participants fixated on a crosshair (displayed for a variable 12–16
s period), and then in single trials identified the color in which a target
word was shown by selecting (as quickly and accurately as possible) one
of four identifier words naming the color of the target. On each trial, a
target word was centered in a visual display, and four randomly ordered
identifier words appeared in one row at bottom. Participants selected an
identifier by pressing one of four corresponding buttons on a response
glove. The selected identifier was outlined and the correct identifier was

highlighted before the next trial. For all trials in the congruent condition,
(1) the target word appeared in a color congruent with the target word,
and (2) all identifiers appeared in the same color as the target. For all trials
in the incongruent condition, (1) the target word appeared in a color
incongruent with the target word and (2) all of the identifiers appeared in
colors incongruent with the colors that the identifier words named.

To elicit blood pressure reactivity while controlling for individual dif-
ferences in task performance, each participant’s accuracy at target word
identification was titrated to (and maintained at) �70% during each
incongruent condition by adjusting trial presentation times in 500 ms
steps within a range of 1–5 s. Specifically, more accurate performance
within a given incongruent condition prompted shorter response time
windows in which to select an identifier word; conversely, less accurate
performance lengthened response windows.

To control for trial frequency and motor response differences between
congruent and performance-titrated incongruent conditions, the num-
ber of trials administered in each congruent condition was matched to
the number of trials completed in the preceding incongruent condition.
To implement this control, a block of incongruent trials was adminis-
tered first, and congruent condition trials were administered at a stimu-
lus onset asynchrony (SOA) determined by the mean SOA of the preced-
ing incongruent block. Consequently, the average number of trials
completed during the congruent condition (mean, 16.9; SD, 7.0) approx-
imated the number completed in the incongruent condition (mean, 16.0;
SD, 7.0). Participants received task instructions before scanning, but
were not informed that performance would be titrated in the incongru-
ent condition. Post hoc, we confirmed that accuracy in the incongruent
condition was titrated to 68.46% (SD, 6.53); by comparison, mean accu-
racy was 92.58% (SD, 5.21) in the congruent condition (t(31) � 17.60;
p � 0.001 by t test).

Figure 1. Sample trials from the incongruent (top) and congruent (bottom) conditions of a
Stroop task designed to elicit blood pressure reactivity in a blocked fMRI paradigm (center).
Participants completed three blocks of each 54 –58 s condition, which were interleaved with a
12–16 s fixation (�) period. The task was to identify the color of the center target on each trial
by selecting one of four identifier words at bottom. For the incongruent condition, trials were
presented every 1–5 s, with a variable SOA that maintained task accuracy at �70% within and
between participants (see Materials and Methods). For the congruent condition, trials were
presented at a fixed SOA, defined by the mean SOA of the preceding incongruent condition. For
illustration, correct responses have an asterisk above the correct identifier. To measure blood
pressure (BP), a brachial BP cuff was inflated on the left arm during each fixation period (indi-
cated by an2 in the center schematic); a single mean arterial pressure reading was obtained
approximately at the end of each condition.
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Assessment of stress and blood pressure
Stress. To assess stress ratings of the task conditions as a manipulation
check after imaging, participants completed five-point scales (0, not at all
stressful; 4, extremely stressful).

Blood pressure. Oscillometric recordings of mean arterial blood pres-
sure (MAP) were taken from the brachial artery of the left arm (not used
for task responding) with an automated monitor (model 3155MVS; In-
Vivo Research, Orlando, FL). Resting MAP was recorded every 2 min
during an 8-min baseline during which structural brain images were
acquired before the task. MAP was recorded every 1 min during the task,
such that cuff inflation coincided with the fixation period initiating each
condition (this ensured that the conditions were matched for procedural
effects caused by cuff inflation). Resting MAP was computed as the av-
erage of the four baseline recordings. Task-related blood pressure was
computed as the average of the three recordings taken approximately at
the end of each incongruent condition. The task– baseline MAP differ-
ence was used as an indicator of MAP reactivity, following the epidemi-
ological definition of cardiovascular reactivity: a change from rest to a
period of psychological stress, evoked here by the incongruent condition
(Kamarck and Lovallo, 2003).

Acquisition of brain imaging data
Imaging data were acquired on a 3T Siemens (Munich, Germany) Allegra
head-dedicated scanner equipped with a standard radio-frequency head
coil. Soft foam padding was used to restrain head movement. For ana-
tomical cross-registration and normalization of T2*-weighted BOLD
images, coplanar T2-weighted images were acquired before the Stroop
task [repetition time (TR), 6440 ms; echo time (TE), 73 ms; flip angle,
150°; 39 axial-oblique slices; field of view (FOV), 200 mm; voxel resolu-
tion, 0.8 � 0.8 � 3.0 mm; slice thickness, 3 mm with no gap]. During the
task, BOLD images were acquired in one imaging run with a gradient-
echo echo planar imaging sequence (TR, 2000 ms; TE, 25 ms; flip angle,
79°; 39 axial-oblique slices; FOV, 200 mm; in-plane voxel resolution,
3.125 � 3.125 square mm; slice thickness, 3 mm with no gap; four initial
discarded volumes). For optimized voxel-based morphometry (VBM),
high-resolution T1-weighted images were obtained after functional im-
aging [three-dimensional fast-gradient magnetization prepared rapid
gradient-echo (MPRAGE) sequence: TR, 1540 ms; TE, 3.04 ms; 192 sag-
ittal slices; flip angle, 8°; FOV, 256 mm; slice thickness, 1 mm with no gap;
voxel dimensions, 1 mm 3].

Preprocessing and analysis of functional, volumetric, and
functional connectivity data
All imaging data were preprocessed and analyzed with statistical para-
metric mapping software (SPM5; http://www.fil.ion.ucl.ac.uk/spm), op-
erating in the Matlab software environment (version 7.1; MathWorks,
Natick, MA).

Functional data. For functional image preprocessing, BOLD images
were unwarped and realigned to the first image of the series to correct for
spatial displacement. Realigned images were then coregistered to the
anatomical space of each participant’s T2-weighted structural image.
Coregistered images were normalized with a 12-parameter affine model
to the anatomical space of the Montreal Neurological Institute (MNI)
template. Normalized images were smoothed with an 8 mm full-width at
half-maximum (FWHM) isotropic Gaussian kernel to accommodate in-
dividual differences in anatomy and to meet the distributional assump-
tions of random field theory for statistical testing (Friston et al., 1995,
1996).

After preprocessing, a contrast image of BOLD activation (incongru-
ent � congruent) was estimated for each individual. To generate contrast
images, BOLD signal changes for each condition (fixation, congruent,
incongruent) were modeled with a rectangular waveform convolved with
the default SPM hemodynamic response function. Next, task-related
BOLD activation was estimated with a design matrix specifying a general
linear model (GLM) that included explanatory regressors for the fixa-
tion, congruent, and incongruent epochs [linear BOLD signal drifts were
removed with a high-pass filter (128 s); serial correlations in the BOLD
signal were accounted for by first-degree autoregressive correction].

To determine the association between task-related BOLD activation

and MAP reactivity across individuals, individual contrasts were submit-
ted to a multiple regression analysis. For the regression, MAP reactivity
was entered as an explanatory factor and sex as a covariate. Given the
study’s primary focus on the amygdala, this area was targeted as a region
of interest (ROI) using an anatomical mask created with the Wake Forest
University (WFU) Pick Atlas (Maldjian et al., 2003). The mask was di-
lated by an expanding factor of 1 to fully encompass the amygdala (Etkin
et al., 2004). To control for multiple statistical testing within the ex-
panded search volume of the extended bilateral amygdala (11,988 mm 3),
we maintained a false positive detection rate at p � 0.05 by using a
threshold of p � 0.005 with a cluster [k] extent of at least 17 contiguous
voxels (Forman et al., 1995). The number of contiguous voxels needed to
maintain this false positive detection rate was empirically determined by
Monte Carlo simulations implemented in AlphaSim, which accounted
for spatial correlations between BOLD signal changes in neighboring
voxels (Ward, 2000). In addition to ROI analyses of the amygdala, we
executed a whole-brain analysis of task-related activation and associated
individual differences in MAP reactivity controlling for voxelwise multi-
ple testing with a familywise error rate (FWE) threshold of p � 0.05
(Friston et al., 1996).

Volumetric data. Regional and total gray matter volumes from T1-
weighted MPRAGE images were determined using optimized VBM pro-
cedures implemented with MATLAB scripts written by J. Ashburner and
C. Gaser (available at http://dbm.neuro.uni-jena.de/vbm.html).
MPRAGE images were first used to generate a study-specific T1-
weighted template and tissue-specific templates for gray matter, white
matter, and CSF, all normalized to MNI space and smoothed with an 8
mm FWHM spatial filter. Individual MPRAGE images were then seg-
mented into gray, white, and CSF images with a mixture model cluster
analysis using study-specific tissue templates as Bayesian prior probabil-
ity maps of tissue intensity. An additional Hidden Markov Random Field
model was used to optimize tissue segmentation (Cuadra et al., 2005),
and image intensities were bias-corrected to minimize the influence of
magnetic field inhomogeneities. Resulting gray matter images were nor-
malized to the study-specific gray matter template with affine transfor-
mations and smooth basis functions that minimized global and nonlin-
ear differences between each image and the template. Subsequently, gray
matter voxel values were multiplied by the Jacobian matrix parameters
derived from normalization. Consequently, relative volume changes in-
troduced by spatial deformation were incorporated into each voxel. For
analysis, volumetric gray matter images were smoothed at 8 mm FWHM.

To determine associations between MAP reactivity and amygdala gray
matter volume, volumetric gray matter images were submitted to a mul-
tiple regression analysis. Following the approach for functional data
analysis, MAP reactivity was entered as an explanatory factor and sex as a
covariate. Total gray matter volume was entered as an additional covari-
ate to account for the influence of individual differences in global gray
matter. For the hypothesis-driven ROI analysis of the amygdala, we used
the same amygdala mask used for functional analyses, and we maintained
a false positive detection rate of p � 0.05 by applying height and extent
thresholds of p � 0.005 and k � 156, as determined by Monte Carlo
simulation. In a subsequent exploratory whole-brain analysis, we then
tested for associations between MAP reactivity and regional gray matter
volume controlling for voxelwise multiple testing using height and extent
thresholds of p � 0.005 and k � 750, as no associations survived whole-
brain correction at a more conservative FWE threshold of p � 0.05.

Connectivity data. In a set of functional connectivity analyses, we first
tested whether MAP reactivity varied with temporally coupled BOLD
signal changes in the amygdala and pons. Connectivity estimates re-
ported here are taken to reflect functionally relevant correlations be-
tween components of neural circuits (Friston, 1994); however, they do
not establish the causal or time-lagged nature of regional neural cou-
pling. First, we used MarsBaR (Brett et al., 2002) to extract the mean
BOLD time series in the left and right amygdala for each individual.
Specifically, each time series was extracted from the mean BOLD signal of
all voxels in a 5 mm radius surrounding the amygdala coordinates iden-
tified in the regression analyses of amygdala activation and MAP reactiv-
ity described above and reported below (left amygdala x, y, z MNI seed
coordinates: �27, 0, �15; right: 27, 3, �12). Second, extracted time
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series were mean centered and drift corrected. Third, values exceeding 3
SD of the mean of the drift-corrected time series were replaced by the
average of 2 adjacent values. Finally, the corrected time series were en-
tered as regressors in the individual GLM design matrices described
above. For each individual, this yielded a functional connectivity map
identifying areas where BOLD signal changes were temporally coupled
with signal changes derived from the left and right amygdala seeds (cf.,
Greicius et al., 2003; Seeley et al., 2007).

In a hypothesis-driven ROI regression analysis with covariate control
for sex, we tested whether MAP reactivity varied with the functional
connectivity between the amygdala and pons using a bilateral mask of the
pons generated with the WFU Pick Atlas. To maintain a false positive
detection rate of p � 0.05 within the pons ROI volume (6777 mm 3), we
applied height and extent thresholds of p � 0.005 and k � 18, determined
by Monte Carlo simulation. To identify other areas exhibiting functional
connectivity with the amygdala during the Stroop task, we executed
whole-brain analyses that controlled for voxelwise multiple testing with
height and extent thresholds of pFWE � 0.001 and k � 15 (cf., Greicius et
al., 2003; Seeley et al., 2007).

Results
Stress ratings and MAP reactivity
The performance-titrated incongruent Stroop condition elicited
moderate subjective stress sufficient to evoke individual differ-
ences in blood pressure reactivity. Specifically, participants rated
the incongruent condition as more stressful than the congruent
condition on a 0 to 4 scale [mean, 2.66 � 0.79 SD vs 0.81 � 0.69;
95% confidence interval (CI) of the difference, 1.57–2.10]. Par-
allel to stress ratings, average MAP increased by 7.30 mmHg (SD,
4.83 mmHg) from baseline (mean, 81.22 � 5.11 mmHg) to the
incongruent condition (mean, 88.52 � 6.76 mmHg; 95% CI of
the increase, 5.56 –9.04 mmHg).

Men and women did not differ in stress ratings of the congru-
ent (men, mean, 0.83 � 0.84; women, mean, 0.80 � 0.62) or
incongruent (men, mean, 2.33 � 0.89; women, mean, 2.85 �
0.67) conditions; nor did they differ in their MAP change (men
mean 	 MAP, 8.22 � 6.68 mmHg; women mean 	 MAP, 6.75 �
3.37 mmHg; p values � 0.05 by t tests). Given these null findings,

remaining results are presented for men and
women combined. For consistency, how-
ever, sex was retained as an a priori covariate
of no interest in all SPM analyses, as detailed
in Materials and Methods.

MAP reactivity and amygdala activation
As expected, greater MAP reactivity varied
with greater amygdala activation to the in-
congruent condition across individuals
(Fig. 2). Notably, MAP reactivity varied
with activation in the dorsal portion of the
amygdala, extending into the sublenticular
area. In humans, the dorsal amygdala en-
compasses the central nucleus and is
thought to support coordinated viscero-
motor and behavioral arousal processes
(Kapp et al., 1992; Whalen, 1998; Somer-
ville et al., 2004).

MAP reactivity and activation in
putative executive control areas
In addition to evoking blood pressure reac-
tivity, the incongruent condition of the
Stroop task likely engaged several executive
control processes, including working
memory, conflict and error monitoring,

and response selection and execution. Consistent with this no-
tion, a whole-brain analysis showed that the incongruent condi-
tion increased BOLD activation in areas implicated in executive-
control. These areas, referred to recently as components of a “task
activation ensemble” (Seeley et al., 2007), included the medial
dorsal and mid-anterior cingulate cortex, presupplementary mo-
tor area, insula, thalamus, and cerebellum ( pFWE values � 0.05)
(supplemental Fig. 1, Table 2, available at www.jneurosci.org as
supplemental material). In addition to these areas, an ROI anal-
ysis revealed increased amygdala activation to the incongruent
condition, which met corrected thresholds in the left amygdala
(x, y, z MNI coordinates: �18, �3, �12; t(31) � 3.49, puncorrected

� 0.001, pFWE � 0.04), but not the right amygdala (18, 3, �18;
t(31) � 2.69, puncorrected � 0.006, pFWE � 0.12) (supplemental Fig.
2, available at www.jneurosci.org as supplemental material).

To test whether MAP reactivity varied with activation in areas
outside the amygdala that were specifically engaged by the incon-
gruent condition, we inclusively masked MAP regression con-
trasts with the parametric map reflecting areas identified in the
whole-brain incongruent � congruent condition comparison.
We found that MAP reactivity did not vary with activation in
these regions ( puncorrected � 0.005, k � 0 threshold). This may
suggest some dissociation between activation in areas presum-
ably supporting executive-control processes from activation as-
sociated specifically with individual differences in MAP
reactivity.

MAP reactivity and gray matter volume
Across individuals, greater MAP reactivity varied with lower
amygdala gray mater volume (Fig. 3). Note that in supplemental
Figure 3A (available at www.jneurosci.org as supplemental ma-
terial), the amygdala foci where MAP reactivity varied with gray
matter volume overlapped with, but were generally more ventral
to, the dorsal foci where MAP reactivity varied with BOLD acti-
vation. In humans, the ventral amygdala encompasses the baso-
lateral complex, which is thought to support the convergent pro-

Figure 2. Greater MAP reactivity varied with greater amygdala activation to the incongruent condition. A, Statistical para-
metric maps from an ROI regression analysis identifying clusters of the left (x, y, z MNI coordinates: �27, 0, �15; t(29) � 3.57,
puncorrected � 0.001, pFWE � 0.045; k � 124) and right (27, 3, �12; t(29) � 2.86, puncorrected � 0.004, pFWE � 0.14, k � 28)
amygdala where MAP reactivity varied with activation after covariate control for sex. Parametric maps are projected onto coronal
(top) and axial (bottom) sections of an averaged MNI-transformed T1-weighted template derived from study participants, as in
remaining figures. B, MAP reactivity (change from a resting baseline) is shown as a function of mean-centered and standardized
amygdala BOLD activation values extracted from the peak voxels of the left (L; open circles, dashed line) and right (R; closed
circles, solid line) amygdala clusters profiled in A. *p � 0.01.
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cessing of behaviorally salient stimuli
(Kapp et al., 1992; Whalen, 1998; Somer-
ville et al., 2004). These anatomical com-
parisons, however, should be cautiously
viewed in light of the different spatial reso-
lutions of the BOLD and VBM data.

To test whether MAP reactivity varied
with gray matter volume in areas outside
the amygdala, we executed an exploratory
whole-brain regression analysis that con-
trolled for sex and total gray matter vol-
ume. This regression showed that greater
MAP reactivity varied with lower gray mat-
ter volume in two areas of the medial tem-
poral lobe that extended from the amyg-
dala into the hippocampus and
parahippocampal gyrus (supplemental Fig.
4, Table 3, available at www.jneurosci.org
as supplemental material). Moreover, as
shown in Figure 4, A and B, greater MAP
reactivity varied with lower gray matter
volume in two areas of the medial prefron-
tal cortex. These areas encompassed Brod-
mann area (BA) 32 of rostral perigenual
anterior cingulate cortex (pACC), extend-
ing into BA 10 of the medial prefrontal cor-
tex (supplemental Fig. 4, Table 3, available
at www.jneurosci.org as supplemental
material).

MAP reactivity and perigenual
cingulate activation
It is noteworthy that previous imaging
studies document consistent associations
between pACC and medial prefrontal acti-
vation and indicators of stressor-evoked
cardiac-autonomic and blood pressure re-
activity (Critchley, 2005; Gianaros et al.,
2005). Also noteworthy is that longstand-
ing animal evidence has established that
the pACC and medial prefrontal cortex are
involved in autonomic-cardiovascular reg-
ulation (Verbene and Owens, 1998). Ac-
cordingly, we executed ROI analyses test-
ing whether MAP reactivity varied with
pACC activation across individuals. For
these analyses, we created anatomically de-
limited ROIs of the pACC clusters identi-
fied in the VBM regressions (supplemental
Fig. 4, available at www.jneurosci.org as
supplemental material). We maintained
ROI false positive detection rates at p �
0.05 within the left (2997 mm 3) and right
(2565 mm 3) pACC volumes by using height and extent thresh-
olds determined by Monte Carlo simulation, as in other ROI
analyses (Fig. 4). Consistent with previous studies, greater MAP
reactivity varied with greater pACC activation (Fig. 4C,D).

Gray matter volume dependency of MAP reactivity and BOLD
activation relationships
Given the proximity between foci of the amygdala and pACC where
MAP reactivity varied with activation and gray matter volume, we
tested whether the relationships between MAP reactivity and amyg-

dala and pACC activation may have depended on gray matter vol-
ume. Initial univariate correlations showed that extracted amygdala
and pACC gray matter volumes varied inversely with extracted ipsi-
lateral BOLD activation values (left amygdala r(32) � �0.36, p �
0.04; right amygdala r(32) � �0.61, p � 0.001; left pACC r(32) �
�0.37, p � 0.04; right pACC r(32) ��0.42, p � 0.02) (supplemental
Figs. 3B, 5, Table 4, available at www.jneurosci.org as supplemental
material). These correlations suggested that individuals who ex-
pressed lower amygdala and pACC gray matter volumes expressed
greater BOLD activation in these areas.

Figure 3. Greater MAP reactivity varied with lower amygdala gray matter volume. A, Statistical parametric maps from an ROI
regression analysis identifying left (x, y, z MNI coordinates: �19, �4, �24; t(28) � 4.32, puncorrected � 0.001, pFWE � 0.02, k �
470) and right (21, �4, �24; t(28) � 4.29, puncorrected � 0.001, pFWE � 0.02, k � 226) amygdala clusters where MAP reactivity
varied with gray matter volume after covariate control for sex and total gray matter volume. B, MAP reactivity is shown as a
function of mean-centered and sex- and total gray matter-adjusted volume values extracted from the peak voxels of the left (L;
open circles, dashed line) and right (R; closed circles, solid line) amygdala clusters in A. *p � 0.01.

Figure 4. Greater MAP reactivity varied with lower gray matter volume and greater BOLD activation in two areas of the medial
prefrontal cortex, which encompassed BA 32 of the pACC and BA 10 of the medial prefrontal cortex. A, Statistical parametric maps
derived from a whole-brain multiple regression analysis ( p � 0.005, k � 750 threshold) identifying two pACC clusters where
MAP reactivity varied with gray matter volume (determined by optimized VBM) after covariate control for sex and total gray
matter volume (left pACC x, y, z MNI coordinates: �4, 58, 23; t(28) � 3.96, puncorrected � 0.001, k � 2402; right pACC: 10, 56, 4;
t(28) � 4.49, puncorrected � 0.001, k � 1825) (supplemental Fig. 3, Table 3, available at www.jneurosci.org as supplemental
material). B, MAP reactivity is shown as a function of mean-centered and sex- and total gray matter-adjusted volume values
extracted from the peak voxels of the left (L; open circles, dashed line) and right (R; closed circles, solid line) pACC clusters in A. C,
Parametric maps from an ROI regression analysis of the VBM-determined pACC clusters identifying areas where greater MAP
reactivity varied with greater BOLD activation after covariate control for sex (left pACC: �9, 63, 6; t(29) � 3.32, puncorrected �
0.001, pFWE � 0.027; k � 74; right pACC: 15, 60, 6; t(29) � 2.85, puncorrected � 0.004, pFWE � 0.05, k � 45). D, MAP reactivity
is shown as a function of mean-centered and standardized pACC BOLD activation values extracted from the peak voxels of the left
(open circles, dashed line) and right (closed circles, solid line) pACC clusters in C. *p � 0.01.
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Partial correlation analyses next demonstrated that control-
ling for gray matter volume rendered the relationships between
MAP reactivity and amygdala activation statistically nonsignifi-
cant (left amygdala, partial correlation coefficient, pr(28) � 0.18,
p � 0.35; right amygdala pr(28) � 0.28, p � 0.13). Conversely, the
relationships between MAP reactivity and amygdala gray matter
volume were unaltered after controlling for amygdala activation
(left amygdala pr(28) � �0.51, p � 0.004; right amygdala pr �
�0.41, p � 0.03). These correlations paralleled those for the
pACC: controlling for gray matter volume attenuated the rela-
tionships between MAP reactivity and pACC activation to non-
significance (left pACC pr(28) � 0.28, p � 0.13; right pACC pr(28)

� 0.30, p � 0.11). In contrast, the relationships between MAP
reactivity and pACC gray matter volume persisted after control

for pACC activation (left pACC pr(28) �
�0.50, p � 0.005; right pACC pr(28) �
�0.36, p � 0.05).

Additional control for sex and total gray
matter volume affected neither the direc-
tion nor significance of any of these corre-
lations. These findings suggest that the re-
lationships between MAP reactivity and
amygdala and pACC activation may de-
pend on gray matter volume.

MAP reactivity as a function of
amygdala–pons and
amygdala–pACC connectivity
Pons
To test whether the pons represents a com-
ponent of a putative preautonomic cardio-
vascular control circuit that relates individ-
ual differences in amygdala activation to
MAP reactivity, we executed an ROI re-
gression analysis that examined MAP reac-
tivity as a function of amygdala-pons con-
nectivity. The regression showed that
greater MAP reactivity varied with stronger
positive functional connectivity between
the amygdala and pons (Fig. 5, supplemen-
tal Fig. 6, available at www.jneurosci.org as
supplemental material).

Of note, a supplementary ROI analysis
revealed no association between MAP reac-
tivity and pons activation to the incongru-
ent condition ( puncorrected � 0.005, k � 0
threshold). Another ROI analysis of the
VBM data revealed no association between
MAP reactivity and pons gray matter vol-
ume ( puncorrected � 0.005, k � 0 threshold).
These findings suggest a relative specificity
for amygdala-pons connectivity in associa-
tion with MAP reactivity.

pACC
Given the established anatomical and func-
tional connectivity between the amygdala
and pACC (Amaral and Price, 1984;
McDonald, 1998; Pezawas et al., 2005;
Vogt, 2005), in addition to previous work
noted above documenting an association
between pACC activation and autonomic-
cardiovascular reactivity, we executed ROI
analyses to test whether MAP reactivity

varied with amygdala–pACC functional connectivity. For the anal-
yses, we used the same anatomically delimited ROI masks of the
pACC clusters reported above. We maintained false positive detec-
tion rates at p � 0.05 within the ROI volumes by using height and
extent thresholds determined by Monte Carlo simulation (Fig. 6).
We found that greater MAP reactivity varied with stronger positive
connectivity between the right amygdala and bilateral pACC (Fig. 6),
particularly after removing an outlier with amygdala-pACC connec-
tivity values �3 SD above the mean (supplemental Fig. 7, available at
www.jneurosci.org as supplemental material). The relationships be-
tween MAP reactivity and left amygdala connectivity with the left
and right pACC, however, did not reach significance at corrected
and uncorrected thresholds.

Figure 5. Greater MAP reactivity varied with stronger positive amygdala-pons functional connectivity. A, Statistical paramet-
ric maps derived from an ROI regression analysis identifying pons areas where MAP reactivity varied as a function of connectivity
with left (top) and right (bottom) amygdala seed regions. Note that BOLD signal seed values from the left (x, y, z MNI coordinates:
�27, 0, �15) and right (27, 3, �12) amygdala temporally covaried with BOLD activity in overlapping pons areas in association
with MAP reactivity (pons coordinates identified from left amygdala seed: 0, �39, �27; t(29) � 4.69, puncorrected � 0.001, pFWE

�0.012, k�71; pons coordinates from right amygdala seed:�6,�39,�27; t(29) �4.86, puncorrected �0.001, pFWE �0.007,
k � 98) (supplemental Fig. 6, available at www.jneurosci.org as supplemental material). B, MAP reactivity is plotted as a
function of amygdala-pons connectivity coefficients for the left (L; open circles, dashed line) and right (R; closed circles, solid line)
amygdala seeds. *p � 0.01.

Figure 6. Greater MAP reactivity varied with stronger positive functional connectivity between the right amygdala and pACC.
A, Statistical parametric maps from ROI regression analyses illustrating areas of the pACC where MAP reactivity varied as a
function of connectivity with a right amygdala seed (5 mm sphere surrounding x, y, z MNI coordinates: 27, 3, �12; left pACC
coordinates: �9, �60, 3; t(29) � 2.97, pFWE � 0.08, puncorrected � 0.003, k � 15; right pACC coordinates: 12, 57, 12; t(29) �
2.87, pFWE �0.07, puncorrected �0.004, k�16) (supplemental Fig. 7, available at www.jneurosci.org as supplemental material).
B, MAP reactivity is shown as a function of right amygdala-left pACC (L; open circles, dashed line) and right amygdala-right pACC
(R; closed circles, solid line) connectivity coefficients. *p � 0.01.
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Task-related amygdala-connectivity with corticolimbic areas
To identify areas exhibiting functional connectivity with the
amygdala during the Stroop task, we executed whole-brain anal-
yses for the left (�27, 0, �15) and right (27, 3, �12) amygdala
seed regions where greater MAP reactivity varied with greater
activation. These analyses identified corticolimbic areas known
to express anatomical and functional connectivity with the amyg-
dala (Amaral and Price, 1984; McDonald, 1998; Ghashghaei and
Barbas, 2002; Pezawas et al., 2005; Seeley et al., 2007): the pACC,
ventrolateral orbitofrontal cortex bordering the anterior insula,
hippocampus, parahippocampal gyrus, caudate, inferior and
middle temporal gyri, precentral and postcentral gyri, occipital
cortex, and cerebellum ( pFWE values � 0.001, k values � 15
voxels) (supplemental Fig. 8, Table 5, available at www.
jneurosci.org as supplemental material). Although identified post
hoc, these areas may represent components of an amygdala-
anchored network supporting stressor-processing in the behav-
ioral context of our blood pressure reactivity task (see Discussion).

Supplementary analyses of the insula and posterior cingulate
Our primary analytic focus centered on the amygdala. For com-
pleteness of reporting, however, we examined two other areas
suggested by previous imaging studies to be involved in
autonomic-cardiovascular control and reactivity: the insula and
posterior cingulate (Critchley, 2005; Dalton et al., 2005; Gianaros
et al., 2005; Wong et al., 2007). For these analyses, we created
bilateral masks of each area with the WFU Pick Atlas, and we used
Monte Carlo-determined thresholds ( p � 0.005, k values � 8) to
maintain ROI false-positive detection rates at p � 0.05. Consis-
tent with previous findings, greater MAP reactivity varied with
greater activation in the anterior insula (left, �24,15,�21, t(29) �
3.35, puncorrected � 0.001, pFWE � 0.17, r � 0.52, p � 0.002; right,
27, 21,�15, t(29) � 3.57, puncorrected � 0.001, pFWE � 0.11, r �
0.55, p � 0.001) and posterior cingulate cortex (left, �6, �36, 27,
t(29) � 3.16, puncorrected � 0.002, pFWE � 0.07, r � 0.50, p � 0.004;
right, 6, �36, 30, t(29) � 3.43, puncorrected � 0.001, pFWE � 0.04,
r � 0.53, p � 0.002). MAP reactivity, however, did not vary with
gray matter volume in these areas or with the functional connec-
tivity between these areas and the amygdala. Hence, insula and
posterior cingulate activation could relate to individual differ-
ences in MAP reactivity through functional pathways that may
not necessarily involve the amygdala (see Discussion).

Discussion
This study provides four lines of evidence that the amygdala
could play a role in mediating individual differences in stressor-
evoked blood pressure reactivity, which are linked to incident
cardiovascular pathophysiology and clinical risk. First, individu-
als exhibiting greater stressor-evoked MAP reactivity showed
concurrently greater amygdala activation compared with their
less reactive counterparts. Second, individuals exhibiting greater
MAP reactivity had a lower amygdala gray matter volume, which
itself predicted greater amygdala activation. Third, individuals
exhibiting greater MAP reactivity showed stronger positive
amygdala-pons functional connectivity. Fourth, individuals ex-
hibiting greater MAP reactivity showed greater activation and a
correspondingly lower gray matter volume in the pACC, as well
as stronger positive amygdala-pACC functional connectivity.

Possible pathways linking the amygdala with blood
pressure reactivity
As a functionally integrated cell complex, the amygdala is thought
to process behaviorally salient stimuli, particularly threatening,

ambiguous, unpredictable, and stressful stimuli (Whalen, 1998;
LeDoux, 2000; Sah et al., 2003; Zald, 2003). To provide hemody-
namic support for adaptive responses to such stimuli, the amyg-
dala can regulate changes in blood pressure through multiple
neuroanatomical pathways (LeDoux et al., 1982; Reis and Le-
Doux, 1987; Dampney, 1994; Saha, 2005). A direct pathway in-
volves amygdala control over the baroreflex, a homeostatic
mechanism that constrains arterial pressure around a regulatory
set-point (Dampney, 1994; Berntson et al., 1998; Saha, 2005).
Through coordinated changes in autonomic nervous system ac-
tivity, the baroreflex constrains beat-by-beat blood pressure by
adjusting heart rate, cardiac output, and vascular resistance to
support contextually appropriate behavior. As a negative-
feedback loop, the baroreflex relies on afferent projections from
cardiopulmonary mechanoreceptors and chemoreceptors that
signal changes in blood pressure to the nucleus of the solitary
tract (NTS). The NTS in turn activates vagal parasympathetic
nuclei in the medulla (nucleus ambiguous, dorsal motor nu-
cleus), and via signaling with the caudal ventrolateral medulla,
inhibits presympathetic nuclei in the rostral ventrolateral me-
dulla and cell groups in the spinal intermediolateral column.
Critically, during aversive or stressful behavioral states, the cen-
tral nucleus of the amygdala can gate the baroreflex via inhibitory
projections to the NTS and via excitatory projections to the ros-
tral ventrolateral medulla. These projections, which are relayed
through brainstem areas including the pons, effectively suppress
parasympathetic cardiac control and redirect sympathetic vascu-
lar outflow, allowing blood pressure to exceed a regulated set-
point (Dampney, 1994; Berntson et al., 1998; Saha, 2005).

Based on these pathways, Berntson and colleagues (1998)
speculated that individual differences in amygdala activation to
behaviorally salient stimuli could mediate corresponding differ-
ences in autonomic-cardiovascular reactivity. Our finding that
greater MAP reactivity varied with greater dorsal amygdala acti-
vation agrees with this speculation. This finding also agrees with
previous evidence that amygdala activation to behaviorally sa-
lient stimuli covaries with changes in myocardial contractility
(Dalton et al., 2005), arterial pressure, and heart rate (Critchley et
al., 2000, 2005). This finding also complements evidence (Urry et
al., 2006) that individuals who express greater amygdala activa-
tion to emotionally salient stimuli show a flatter diurnal secretion
of cortisol, a form of dysregulated neuroendocrine activity asso-
ciated with risk for atherosclerosis (Matthews et al., 2006a). Here,
however, we did not assess multiple autonomic, neuroendocrine,
or cardiovascular measures, constraining our conclusions to
blood pressure reactivity. Nevertheless, in view of existing evi-
dence, our findings support the notion that dysregulated amyg-
dala activity may influence human cardiovascular risk by impact-
ing several autonomic, neuroendocrine, and cardiovascular
control mechanisms.

Extending the BOLD activation findings, functional connec-
tivity findings suggested that the pons may be a preautonomic
area that links amygdala activity with MAP reactivity. The amyg-
dala expresses reciprocal connections with pontine cell groups
critical for cardiovascular control (Hopkins and Holstege, 1978;
Miller et al., 1991; Dampney, 1994). Furthermore, the pons relays
afferent cardiovascular information to higher levels of the neu-
roaxis, including the amygdala (Dampney, 1994). In speculation,
individual differences in blood pressure reactivity could result
from differential signaling between the amygdala and preauto-
nomic areas such as the pons. In point, stronger efferent
amygdala-preautonomic signaling could reflect stronger de-
scending commands for blood pressure rises. In parallel, stronger
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afferent preautonomic-amygdala signaling could reflect stronger
ascending negative-feedback to the amygdala that functionally
curtails excessive blood pressure rises. The latter possibility may
account for the finding that individuals showing more negative
amygdala-pons connectivity showed lesser MAP reactivity. Our
connectivity data, however, do not distinguish efferent from af-
ferent signaling patterns linked to blood pressure changes, which
were measured on a minute-by-minute basis. Moreover, we did
not examine BOLD activity in subpontine preautonomic areas
(e.g., medulla). Future studies should thus measure more tempo-
rally precise BOLD signal changes in relation to beat-by-beat
blood pressure and employ effective connectivity procedures
(Friston, 1994) to parse efferent from afferent neural signaling
patterns in the amygdala and preautonomic areas putatively in-
volved in cardiovascular control.

Gray matter volume and possible vulnerability for
dysregulated blood pressure reactivity
Optimized VBM findings showed that greater MAP reactivity
varied with lower amygdala and pACC gray matter volumes. Fur-
thermore, the relationships between BOLD activation and MAP
reactivity statistically depended on gray matter volume in these
areas. These findings highlight the importance of accounting for
normative variation in brain morphology in examining the rela-
tionships between blood pressure reactivity and associated neural
activation patterns. However, our cross-sectional design and the
nonspecific nature of VBM data regarding cell structure and den-
sity do not permit inferences about the causal or cellular mecha-
nisms linking gray matter volume with BOLD activation and
MAP reactivity. One possibility is that genetic influences on cor-
ticolimbic development could modify activation to behaviorally
salient stimuli. This is suggested by work demonstrating that a
functional polymorphism of the serotonin transporter gene,
which alters serotonin signaling linked to neurodevelopmental
plasticity, is associated with reduced amygdala and pACC vol-
umes, greater amygdala reactivity, and dysregulated amygdala-
pACC coupling (Pezawas et al., 2005). In view of such genetic
contributions, future longitudinal studies should assay genomic
markers and test whether genetically driven variation in corti-
colimbic development may underpin vulnerability for dysregu-
lated neural activation and connectivity in association with blood
pressure reactivity and possible cardiovascular risk.

Amygdala-cingulate interactions and blood
pressure reactivity
Greater MAP reactivity varied with greater pACC activation and
with more positive amygdala-pACC functional connectivity. The
amygdala and pACC are densely networked, and both areas are
considered as components of a corticolimbic circuit that orches-
trates adaptive neurobehavioral and visceromotor stress re-
sponses (Devinsky et al., 1995; Bush et al., 2000; Paus, 2001; Vogt,
2005). Furthermore, evidence from fear-conditioning and
emotion-regulation literatures suggests that subdivisions of the
anterior cingulate, particularly in the perigenual area, may regu-
late amygdala activity (Ochsner and Gross, 2005; Etkin et al.,
2006; Quirk and Beer, 2006). Hence, if regulatory amygdala-
pACC signaling modulates visceromotor reactivity to behavior-
ally salient stimuli, then the differential coupling between these
areas may partly influence individual differences in stressor-
evoked blood pressure reactivity. Consistent with this notion,
individuals expressing more negative amygdala-pACC connec-
tivity expressed lesser MAP reactivity. To our knowledge, how-
ever, no published studies have examined amygdala-pACC con-

nectivity in association with blood pressure reactivity. Therefore,
our findings, like those relating amygdala-pons connectivity with
MAP reactivity, should be provisionally interpreted until future
studies replicate our observations and explicate the putatively
regulatory (e.g., bottom up vs top down) nature of amygdala-
pACC signaling in association with cardiovascular control.

Limitations and future directions
To elicit blood pressure reactivity, we used a Stroop stressor that
differs from paradigms often used to engage the amygdala (e.g.,
picture viewing, emotion regulation). We used this stressor be-
cause it is used in epidemiological studies of cardiovascular risk,
providing direct relevance to understanding amygdala-based
processes possibly underlying cardiovascular risk. The Stroop
stressor likely elicits blood pressure reactivity because it engages
performance-titrated conflict resolution processes, involves trial
unpredictably, and entails negative performance feedback. This
task paradigm could thus be viewed as a “psychological stressor”
that does not necessarily elicit a discrete emotional state. There-
fore, future studies should determine whether individual differ-
ences in amygdala activation to more explicit emotionally laden
paradigms (e.g., fear conditioning) predict blood pressure or
other cardiovascular reactions associated with cardiovascular risk
(cf., Dalton et al., 2005).

We also did not account for individual differences in executive
function or cognitive ability, which could affect Stroop task per-
formance. Task performance, however, was adaptively main-
tained at comparable levels across individuals. Also, an interest-
ing finding was that MAP reactivity did not vary with activation
in prefrontal, dorsal anterior cingulate, insular, thalamic, and
cerebellar areas specifically engaged by the incongruent condi-
tion, areas which presumably support executive-control pro-
cesses. This finding may be interpreted by a conceptual perspec-
tive derived from the recent identification of two “intrinsic
connectivity networks” that function in parallel under resting
and active behavioral states (Seeley et al., 2007). One network,
termed a dorsal neocortical system is thought to support
executive-control processes. The other, termed a paralimbic sa-
lience system, includes the amygdala and is thought to process
behaviorally salient stimuli and regulate changes in visceromotor
activity. Although identified under different conditions than
those reported by Seeley et al. (2007), it is noteworthy that the
amygdala expressed functional connectivity with many areas of
the paralimbic salience system during the Stroop task. Given
these results, an interesting future research direction would be to
determine whether individual differences in these connectivity
patterns could functionally link autonomic-cardiovascular reac-
tivity with dispositional characteristics (e.g., negative emotional-
ity) or subjective states (e.g., anxiety) previously associated with
amygdala activation (Etkin et al., 2004) and connectivity in the
paralimbic salience system (Seeley et al., 2007).

Finally, our ongoing work is attempting to delineate the path-
ways that link blood pressure reactivity with activation in the
insula and posterior cingulate. Notably, neither area showed
volumetric changes or differential amygdala-connectivity in as-
sociation with MAP reactivity. Although densely networked with
the amygdala, the insula can regulate cardiovascular function
through autonomic mechanisms that do not entail an obligatory
amygdala pathway (Yasui et al., 1991; Cechetto, 1994; Verbene
and Owens, 1998). Furthermore, the posterior cingulate is a func-
tionally heterogeneous area that is indirectly networked with the
amygdala and not extensively networked with autonomic-
cardiovascular control areas (Mayberg, 1997; Vogt et al., 2006;
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Stein et al., 2007). As speculated previously, posterior cingulate
activity likely relates to indicators of autonomic-cardiovascular
control via pathways relayed through perigenual cingulate areas
more proximally involved in autonomic-cardiovascular regula-
tion (Gianaros et al., 2005; O’Connor et al., 2007).

In summary, our findings suggest a role for the amygdala and
networked corticolimbic and preautonomic areas in mediating
individual differences in a parameter of cardiovascular risk:
stressor-evoked blood pressure reactivity. Individuals who ex-
hibit ‘exaggerated’ stressor-evoked blood pressure reactions are
at risk for developing precursors to cardiovascular disease. As one
component of a distributed corticolimbic circuit, the amygdala
has long been implicated in sensitivity and resiliency to stress,
particularly in the context of depressive and anxiety disorders
(Mayberg, 1997; Drevets, 2000; Greicius et al., 2007). Impor-
tantly, these stress-related disorders confer comorbid risk for
cardiovascular disease and involve dysregulated control over
autonomic, cardiovascular, and neuroendocrine activity (Hem-
ingway and Marmot, 1999; Rozanski et al., 1999). A question with
clinical relevance is whether amygdala activation, morphology,
or coupling with corticolimbic and preautonomic areas predict
biomarkers or endpoints of cardiovascular disease, especially
among those with high stress-related psychiatric and cardiovas-
cular comorbidity.
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